57
The cycling of sulfur is one of Earth's major biogeochemical processes. Sulfate reduction may 58 be an early evolved microbial metabolism, given evidence for biological fractionation of sulfur 59 isotopes around 3.5 billion years ago 1 , and it remains an important metabolic platform for 60 anaerobic life 2 . In natural ecosystems, human microbiomes and engineered systems, this process 61 is important because the product hydrogen sulfide (H 2 S) is toxic 3 , can corrode steel 4 , and sour oil 62 reservoirs 5 . Overall, sulfate reduction is a primary driver in the carbon cycle, and is responsible 63 for conversion of ~30% of the organic carbon flux to CO 2 in sedimentary environments 6 . 64 Importantly, the coupling of sulfate reduction to oxidation of H 2 , small chain fatty acids or other 65 carbon compounds limits the availability of these substrates to other organisms and alters the 66 energetics via syntrophic interactions 7 . All of these processes also impact methane production. 67
Given the many reasons why the biological conversion of sulfate/sulfite to sulfide is important, it 68 is vital that we understand which organisms can carry out the reactions and the pathways 69 involved. 70 71
Dissimilatory sulfite reductase (dsr) genes confer bacteria and archaea the ability to grow via 72 reduction of sulfite and can function in reverse in some organisms that oxidize sulfur 8, 9 . The 73 phylogenetic distribution of organisms with dsr genes has been considered to be quite limited 10 .
74
The recent availability of thousands of genomes from organisms belonging to many newly 75 sampled phyla has provided the opportunity to test for the presence of dsr genes in bacteria and 76 archaea that have not previously been associated with dissimilatory sulfur metabolism 11 . 77 78
Results and Discussion

80
We analyzed genomes reconstructed from metagenomic sequence datasets recovered from five 81 distinct terrestrial and marine subsurface environments. 93 1, Supplementary Fig. 2, Supplementary Fig. 3 ). 94 95
Given our interest in identifying organisms with the capacity to produce sulfide, we searched 96 genomes for operons that contained genes encoding DsrD. This gene is considered a marker for 97 sulfate reduction because it is absent in bacteria that use the reverse dissimilatory sulfate 98 reduction (reverse-dsr) pathway for sulfur oxidation 19 . Although the exact function of the DsrD 99 protein is unclear, the presence of winged-helix domains in its structure and its association with 100 other core proteins of the dsr complex (dsrABC) suggest a regulatory role in bacterial sulfate 101 reduction 20 . We identified 78 genomes that encode at least dsrABCD ( Supplementary Fig. 4) . A 102 multiple alignment of DsrD sequences confirmed highly conserved residues, indicating that the 103 proteins are likely active (Supplementary Fig. 5 ). Fig. 7 ). 124 125
Prior analyses have suggested the LGT events involving the catalytic dsr subunits A and B genes 126 have occurred, but infrequently 9,10,23 . We used a concatenated dsrAB protein tree to reevaluate 127 the extent to which LGT has influenced the organismal distribution of these genes (Fig. 1) . We 128 found that organism phylogeny is not a reliable predictor of the grouping of these sequences. In 129 fact, phylogenetic evidence suggests that LGT events have introduced these genes into some 130 phyla in multiple independent events (e.g., Nitrospirae sequences place in five distinct locations 131 on the tree). However, almost all organisms lacking dsrD genes cluster together with organisms 132 known to be sulfur oxidizers in the dsrAB tree. Based on this clustering, the group implicated in 133 elemental sulfur oxidation now includes bacteria from three phyla: Nitrospirae, Nitrospinae, and 134
Candidatus Muproteobacteria (Fig. 1, Fig. 2) . Importantly, organisms from two candidate phyla, 135
Candidatus Rokubacteria and Candidatus Hydrothermarchaeota lack dsrD genes but their dsrAB 136 sequences cluster with 'reductive archaeal-type' dsr sequences found in thermophilic 137 sulfite/thiosulfate-reducing Crenarchaeota and Aigarchaeota. The branch that includes 138 sequences from Candidatus Rokubacteria, Candidatus Hydrothermarchaeota, Crenarchaeota 139
and Aigarchaeota is basal within the dsrAB tree (Fig. 1) Fig. 8,  151 Supplementary Fig. 9, Supplementary Fig. 10 ). Thus, we suggest that Candidatus 152
Rokubacteria have a system for sulfate reduction to sulfide of hybrid origin, with ancient DsrA 153 and B genes related to those found in archaea, and other components similar to bacterial 154 sequences (Fig. 3) . 155
156
Given the lack of dsrD in Candidatus Rokubacteria and Candidatus Hydrothermarchaeota, we 157 sought evidence for hypothetical genes in proximity to dsr genes that may be markers for the 158 sulfate/sulfite reduction pathway. We identified a hypothetical gene that encodes for the N-159
terminal domain of an anti-sigma factor antagonist protein 27 that almost always occurs within the 160 operon encoding dsr genes (Fig. 2) . This hypothetical protein is part of a protein family that 161 includes the Bacillus subtitlis RsbT co-antagonist protein rsbRD, which are important 162 components of the stressosome and function as negative regulators of the general stress 163 transcription factor sigma-B
28
. This gene is unique to sulfide-producing organisms and is absent 164 in sulfur-oxidizing organisms (except for the Chlorobiae clade) (Supplementary Fig. 11 ). The 165 gene always precedes the electron transport components encoded by dsrMKJOP genes and is 166 fused with dsrM in some organisms (Supplementary Fig. 12 , and (B) Generation of custom hmm profiles for dsrA, dsrB and dsrD using 214 hits generated from step (A) and searching all predicted ORFs again for the above genes. For 215 generation of custom HMM profiles, reference sequences and identified genes from step (A) 216 were aligned using MUSCLE v3.8.31 37 with default parameters followed by manually trimming 217 the start and ends of the alignment. The alignment was converted into Stockholm format and 218 databases were built using hmmscan 36 . Individual noise and trusted cutoffs for all HMMs were 219 determined by manual inspection and are built into the custom HMM profiles. 220 221
Sequence alignment and phylogeny. Phylogenetic analyses were performed as follows: 222 223
Each individual gene (dsrA, dsrB, dsrC, dsrD, aprA, aprB, dsrX, qmoA, qmoB, sat) was aligned 224 along with reference sequences using MUSCLE 37 with default parameters. All alignments were 225 manually refined by trimming the start and ends and removing all columns with >95% gaps. For 226 generation of concatenated alignments (dsrAB, qmoAB, and aprAB), individual alignments were 227 concatenated in Geneious version 7 38 . In construction of the concatenated qmo tree, only 228 subunits A and B were used since subunit C is not universally present in sulfate reducing 229 organisms, being absent in sulfate reducing archaea. . Specific residues highlighted in Supplementary Fig. 1 , 246 Supplementary Fig. 2, Supplementary Fig. 3, Supplementary Fig. 5 
